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Materials Handbook for Fusion Energy Systems
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The July release of the 1otk publication package of the Materials Handbook for Fusion
Energy Systems to the approximately YO handbook users represented the achievement of a
number of milestones. First and jforemest, the release of these 30 data pages represents the
first step towards reducing the backlog of over 177 data sheets awaiting pubtication.

Second it represents the initiation of the handbook into the worid of computer generation
and subsequent support services that can be provided via the MFE computer network.
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Neutron Dosimetry and Damage Calculations for ORR-6J-Test, HFIR-RB-Hafnium Test, and the
HFIR-RBY and RBZ Experiments (Argonne National Laboratory) « « s« = = = s s s s s s s s s » &=

Results are reported for a test of the 6J Japanese experiment in the Oak Ridge Research
Reactor. Maximum fast fluxes above 0.1 MeV were 20 x I9% n/em?-s producing about 45 dpa
phr year in 316 stainless steel.

Analysis has been completed for the hafnium shield tests in the removable beryllium
positions of the High Fiwz Isotope Reactor (pawL). The shield reduces the thermal flux by
YO%, the epithermal flux by 50%, and the fast flux by only 5%. Yearly helium production in
316 stainless steel, is thus reduced by a factor of 26 with little effect a displacement
damage producticn, These new spectral analyses have been used to reanalyze previously
reported results from the RBI and RE2 materiale irradiations in HFIR; the damage rates have
been increased by 2o-20%.

Proposed New Irradiation Facilities in HFIR (Oak Ridge National Laboratory) .« « o« o« o« « &« &

A project is presently under way to improve and increase the irradiation facility capa-
bilities in the HFIR. These improvements will permit the installation of two instrumented
experiments in the target region of the HFIR by the fourth quarter of FY 1986. Addition-
ally, the number of large 75 positions Will be increased from four to eight, and their
diameter Will be increased from 35 to 48 mm. This phase of the project Is scheduled to be
completed by May 1987.

Phase 1 HFIR Capsules — Irradiation and Postirradiation Examination
(Cak Ridge National Laboratory) « « « « s = = s = = = = = = = » = = = » = % = » s = % » # &»

Capsules JF-1 and -3 have been disassembled and specimen testing is under way.
Irradiation of capsules JP-2 and JP-4 to -8 is continuing.

Description of the U.S.-Japan Spectral-Tailoring Experiment in ORR
(Oak Ridge National Laboratory), « « =« s s s = s = = s = = = s = % s s = = s s % » s #« % » =

The final test matriz for the two spectral-tailoring capsules #Fg-8J and -7J was
established. Specimens were loaded into the two capsules and irradiation testing has begun.
The test matrix includes conventional ¢.s. and Japanese structural atloya and a series
base research alloys that Will provide a basic understanding of alloy response to the fusion
reactor environment.

Assembly and Operation of the U.S./Japan Spectral Tailoring Experiments
(Oak Ridge National Laboratory) « « a s = = s & = = s = = = = = = = = » = % = = s s » s % &=

MrE-5J and -7J started irradiation in the orE With cycle 172F on June 28, 1985. The
total accumulated power through September 30, 1955 is 72.81 d at 30 M.
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Neutronics Analysis in Support of the US. Japan Spectral Tailoring Capsules
(Cak Ridge National Laboratory) « « « a a o = = s 2 = = = = = = = = = = = = = % = = = s = =

The neutron fluxes caleulated and measured for the oRR-MFE-87 dosimetry capsule
have been compared. Scale factors obtained from this comparison are being used to scale
the neutron fluences obtained from three—dimensional neutronics calculations. As of
September 30, 1985, this procedure yields 3.15 at. ppm H (xnet including 20 at. ppm He
from 192} and 1.22 dpa for type 316 stainless steel in 0RR-MFE-6J and 4.44 at. ppm He and
1.71 dpa in ORR-MFE-7J.

Neutronics Calculations in Support of the ORR-MFE-4A AND -4B8 Spectral Tailoring
Experiments (Oak Ridge National Laboratory) « « « o 2 s s s s s s s s s s s s s s s # # # &

The final operating and calculated data for the ORR-MFE-4A and -4B experiments have
been obtained. The scaled calculated fluences yield 201.9 at. ppm #e (not including
20 at. ppm He from 188} and 13.19 dpa for type 316 stainless steel in ORR-MFE~4A and 172.4
at. ppm He and 17,84 dpa in ORR-MFF-4B.

Operation of the ORR Spectral Tailoring Experiments ORR-MFE-4A AND -4B
(Cak Ridge National Laboratory) « « « o = s s s = s s = = s s = = = s = = = s s % % » » &®

Both ORR-MFE-4A and -¢2 have been capped and are cooling down in the ORR pool awaiting
removal and postirradiation examination.

The specimens contained in the ORR-MFE-4B ezperiment have operated for a total of
996.64 d at 30 M¥ reactor power with temperatures of 500 and go02°cC.
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Swelling of Fe-Cr-Mn Alloys in FFTF at 420 to 600°C
(Hanford Engineering Development Laboratory) « « « o o o s = = = = = = = = s = = = = = = = =

Three binary Fe-Mn and six Fe-Mn-cr ternary alloys have been irradiated in FFTF at tem-
peratures of 420, 500 and g¢g°c to exposures ranging from 9-14 dpa. In contrast to the
behavior of Fe-cr-¥i alloys irradiated under comparable conditions there is essentially no
dependence of void swelling on chromium or rmnganese content, and there-also appears to be
no dependence on irradiation temperature. Like Fe-cr-§i alloys, however, Fe-Cr-#n and
Fe-Mn alloys do swell at ~1%/dpa after the transient regime.

While density change data indicate an apparent weak dependence of swelling on manganese
level, microscopy shows that mdiation-induced second phases that form may be responsible
for a densification of the matriz. This densification approaches 2.2% at 35% manganese.

Phase Stability During Annealing and Aging in Low-Activation Fe-Cr-Mn Austenitic
Stainless Steels (Oak Ridge National Laboratory) « « « o o = « a « = = = = = 2 2 = = = = = =

The first group of laboratory heats of low-activation, manganese-stabilized austenitic
steels were aged for 168 h at 8cgec, following solution annealing and cold working, to
explore their relative precipitation responses. Delta ¢5) ferrite, which was present in
many alloys after solution annealing, was absent in the cold-worked materials after aging.
These aged alloys recovered and/or recrystallized, and the matrix became completely austeni-
tic, with varying amounts of o phase and My3C¢ () precipitates. Only the I5Cr-i19Mn-0.4C
alloy had finely distributed ¢ carbide particles without any evidence of s phase. Both the
s and t phases contained substantial amounts of rmnganese, whereas in nickel-stabilized
steels, these phases would reject nickel.

Microstructure of Type 316 Steel Irradiated to 30 dpa at 300°C in HFIR
(Oak Ridge National Laboratory) « « a o = s s = s s s = s = = s = % s s s = s ®«» % s s #% » &=

Solution-annealed (54} and 20%-cold-worked (20%cw) type 316 stainless steels were
irradiated at 3¢¢¢c in HFH to 33.0 dpa and 2116 at. ppm He. Many fine (1.,5—<4.5 mm in
diameter) bubbles were observed uniformly in the ma¢trixz; the bubble concentration was
-3 x 1023 bubbles/m3 with average diameters of about 2.0 nm in both specimens. Both bubble
volume swellings were about 0.3%. Dense tangles of dislocation networks and Frank loops
were also observed in both miterials., Size and concentration of Frank loops were about
10.3 nm and 1.4 = 1022 [ocps/m®, respectively. The results of the present work were com-
pared to previous data on cavities.
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Microstructural Development in the Austenitic PCAs Irradiated in HFIR to 34.0 dpa 300°C
(Cak Ridge National Laboratory) u « s« = « = s = = = = % = = s = % = » = = = » » = % % » # &»

Microstructural observations on JPCA specimens in the solution annealed ¢s4) and 1z and
20%-cold-worked (cx / conditions indicated that ziz specimens developed high concentrations
of semall helium bubbles. In addition, 20%-cw JPCA developed a high concentration of
radiation-induced MC precipitates in the mtrix. The comparison with US. zc4 Will be given
in the next report.

The Development of Austenitic Stainless Steels for Fast Induced-Radioactivity Decay
(Oak Ridge National Laboratory) « « a o = & & o 2 = = = 2 = = = = = = = = = = = = s = = =

Based on the microstructural observations on ten heats of rFe-im-cr-c steels, five more
small laboratory heats were obtained. After wvarious heat treatments, optical and
transmission-electron microscopy studies and magnetic measurements were used to zesess the
microstructural constituents present.
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Effect of Thermal-Mechanical Treatment and Impurity Level on the Yield Strength
and Microstructure of ¥-15Cr-5 Ti Alloy (Argonne National Laboratory) « « =« o« s« s = = = = =

The yield stress, total elongation, and hardness for v-zscr-57¢ alloys with a range of
0, N, and C concentration and annealing treatment are presented in this report. The experi-
mental results suggest that these mechanical properties are not determined solely by the O,
N, and C concentration.

The Effect of Cold Work on the Ductility of ¥-15Cr-5Ti Implanted With Helium
(Oak Ridge Mational 1'8boratory) « o o v v s & o & & s & = = ® s s = = s « s *» *# s s = » » &

Cold working the V-2scr-57i alloy eliminated embpittlement, due to 282 at. ppm of 3ye,
by creating a microstructure in which the grain boundaries were broken up and the helium was

distributed rather uniformly on the dense dislocation networks.
Preparation and Fabrication of Vanadium Base Alloys (Argonne National Laboratory) .« . « « &

Ftarming and procurement activities have been initiated to replenish the inventory of
vanadium ternary alloy for Path C Scoping Studies. Appropriate quantities of pure vanadium,
chromium and ¢itantwm have been acquired and a fabrication approach adopted where emphasis
has been placed on the control of the interstitial elements O, N, #, and C to a minimum
level. Delivery of this alloy will begin late February Fy 1986.
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7.1

The Effects of Increased Helium Generation on Microstructure and Swelliny of Nickel-Doped
9Cr-1MoVMNb and 12Cr-1MoVW Steels Irradiated in HFIR at 300 to 600°C
(Oak Ridge National Laboratory) « « o s o = « = s s = » s = % = » » s % % » » s % % » » =

Voids formed in undoped and ¥i-~foped 12Cr-1MoViW at 400 and s0¢°c in HFIR at 36 to
39 dpa, but not at 300 or sooec; results were similar for sor-ivovie steels.  Increased
helium caused more void formition in the sor-iMovyk steel than it did in 120r-movyw steels,
particularly at 400°C. At 300 to sgoec, the 9 Cr steels also experienced more dissolution
of as-tempered precipitates and coarsening of the lath/subboundury structures than did the
12 Cr steels. In the 12 ¢r steels, voids formed mostly in the coarsest subgrain regions of
the material, Irradiation of g’r-IMcvys — 2Ni at 400°C caused compositional modification of
fine V-rich »# and produced new precipitation of compositionally modified #,5¢; (¢, together
with a fine matrix #,¢ (n) phase which was Si, Cr, and Ni-rich. Identical , precipitation
was found In 120r-imMeviv — 2N at 4oge°c, but similar fine particles were mainiy Si and or-
rich in the undoped 12 ¢» steel. Finally, HFIX irradiation produced large, globular chi ()
pkase particles in all ¥i-dcped steels at seoec; large voids formed exclusively within these
y -phage particles.
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The Effects of 25,000 h Aging at 480 to 700°C on Precipitation and Microstructural Stability
in Several Heats of Tempered 9Cr-1Mo¥Nb Steel (Oak Ridge National Laboratory) . . . +« « « « 102

Two heats of tempered scr-ivovyb, with silicon variation as their main difference, were
aged for up to 25,000 h at 462 to 72¢°c. The as-tempered grain and subboundary structure
remained stable after 25,000 at 5¢3° and below, but then recovered and coarsened at &s5¢<¢
and above. The as-tempered precipitate structure of #,3¢, and ¢ particles remains stable
upon aging at &s52°¢ and below, but then coarsened somewhat after 25,000 h at ?0¢°c. A con-
siderable amount of Laves phase forms at 482 to 593°¢ after 25,000 h, with much more
occurring in the higher silicon heat of steel. Neither heat had Laves after 10,000 h at
g50°c, and Laves forms only in the higher silicon heat of steel after 25,000 h. An intra-
cell precipitate of very fine ¢ needles was found in both heats of steel after aging at 462
to 593°¢. ?he overall precipitate composition reflects the dominance of the chromium-rich

M,4Cs phase, but the melybdenwm content also increased as the fraction of Laves phase
ihcréased. Compositionally, the various phases were not very sensitive to temperature,
time, or particle size, except for minor sensitivities of ¥ to size at 538°c, and of
#,4C, and VC to temperature at 7o4°c,

The Development of Ferritic Steels for Fast Induced-Radioactivity Decay
(Oak Ridge National Laboratory) « o =« o = & = s = s s = = s s = s = s = s = s = s s % s &% = 117

Normalizing and tempering studies were continued on eight heats of normalized chromium-
tungsten Steel that contained variations in the composition of chromium, tungsten, uanadium,
and tantalum. Hardness measurements, tensile tests, and optical metallographic observations
were used to determine alloying effects on tempering resistance. The results were compared
to results for analogous chromium-molybdenum steels.

Microstructural Examination of Low-Activation Ferritic Alloys Irradiated to 45 dpa
(Westinghouse Hanford Company) . = & =« = & = = = 2 = = 2 = = 2 = = s = = s = = % = = = » = &= 124

Change of Charpy Impact Fracture Behavior of Precracked Ferritic Specimens Due to Thermal
Aging in Sodium (Westinghouse Hanford Company) « « « =« = o o = = s s = = s = = = s s s » » &« 125

A seriece Of tests were conducted to evaluate the effect of sodium on the impact frac-
ture behavior of precracked Charpy specimens made of HT-9 weldment. One set of samples was
precracked prior to sedium aging and the other set was precracked after aging in sodium.
Both sets of specimens exhibited the same DBTT. Samples precracked prior to sodium expo-
sure, however, showed a 40% reduction in the upper shelf energy (u5e) as compared to the set
precracked after aging. The results suggest that the fracture toughness of the material may
be reduced if an existing crack was soaked in sodium at elevated temperature for a period of
time.

The Thermal History of Heat-Affected Zones in HT-9 Weldments (GA Technologies) « « « « = « . 128

Correlation of Hot-Microhardness with Elevated-Temperature Tensile Properties of Low
Activation Ferritic Steel (GA Technologies INC.) « & & & & & & & s 2 = 2 2 2 2 2 2 s s = = & 129

Hot microhardness and elevated temperature tensile tests have been performed con
Cr-2.5W-0.3V-0.15C (GA3X) low activation ferritic steel at temperatures from 20°¢ to 650°C.
The uniform elongation of tke tensile test correlated well with the ductility parameter,
P={h; *+ hyJ)/2r, where #, and h, are the peak heights of the plastically flowed metal adja-
cent to the indentaticn and 2r is the distance between the peaks. The hot-microhardness
test showed a sensitive response to the softening and changes in ductility of the ¢a3x
steel. The preliminary results indicate that the hot-microhardness test accompanied with
ductility parameter measurements also can be used as a means to monitor the strain-hardening
characteristics of metals. 7?he uitimate tensile strength and 0.2% yield strength of this
low activation ferritic steel correlated well with hot microhardness measurements at tem-
peratures up to 460°C using Cahoon®s ezpressions oypg = (H/8.8i(n/0.217)" and g, -
(H/3)(0,1)", respectively, where H Is the diamond pyramid hardness and » is the strain har-
dening ezponent. At temperatures above 400°C, a more rapid and somewhat disproportionate
decrease in microhardness wzs observed and the tensile strengths were underestimated by
these two expressions by up to 26—30%. Fractographic examination oOF the tensile tested
specimens showed an apparent change of dimple morphology from an equiazed (tensile)dimple
to an appearance of mixed equiazed (tensile)- elongated (shear) dimple at temperatures above
ga0ec,  ?he mxin reason for the underestimation of tensile strengths at such high tempera-
tures (> 2.4 T,) is probably attributed to the involvement of creep deformation and may be
improved &y selecting a« proper loading condition.
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Microstructure and Mechanical Properties of Unirradiated Low Activation Ferritic Steel
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Transmission electron microscopic examination OF quenched and tempered & vz, 5k -
0.3v-0.15¢ low activation ferritic steel revealed tempered lath-type martensite with pre-
cipitation of rod and plate-like ¥#,3¢, and MC carbides at lath and grain boundaries.
Extraction replicas of precipitates were found to be predominantly u,,c, carbides analyzed
by diffraction. The areal density and mean particle size of carbide precipitates were
appreciably increased after thermzl aging at spg°c for 100 krs, More rod-like m,4c, were
found along prior austenite grain boundaries and martensite lath boundaries in the thermally
aged specimens.

The elevated-temperature tensile strengths of this material were measured and ure about
10% higher than the average tensile data of commercial heats of &r-ivo and modified gcr-Imo
steels up to a temperature of ssoec, with equivalent uniform elongation and —50% decrease in
total elongation. The fracture toughness (x;~) of this alloy is predicted to be about
10-20% lower than eommerceial heats of moditied sr-iMo steel, but is comparable to some
experimental heats of scr-iMovws steel. The impact test results show a DBTT at —zs5¢c and
upper shelf energy of 1/3 size CUN precracked specimen at 2.2 Joules 137.2 ./cm? normalized
fracture energy). Fractographic examination of tensile tested specimens shows a mixed mode
of equiaxed dimple and elongated dimple at test temperatures above :00°c, The modification
of the c43x alloy composition for optimization of rmterials properties is discussed.
However, the proposed low activation ferritic steel show the promise oOf improved mechanical
properties over §r-IMo Steels.
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8.1

Microstructure of Commercial Copper Alloys Irradiated in FFTF-MOTA at 450°C
(Hanford Engineering Development Laboratory) « « « s s s s s s = = = = = = = = = = = = = = =

Electron microscopy of pure copper irradiated at ~<s50°c to 16 dpa revealed no unexpected
behavior, showing both dislocation and void development. In the same experiment, however,
the dispersion-hardened alloy Al25 exzhibited a remarkable Insensitivity to irradiation. The
precipitation-hardened alloy MZC also had no voids present but the precipitate microstructure
was changed such that an apparent swelling of 106t occurred. Dependent on the heat-
treatment employed the alloy CuBeNi showed various levels of voidage, particularly in those
areas which suffered recrystallization and alteration of the precipitate structure.

9. MATERIALS COMPATIBILITY AND HYDROGEN PERMEATION STUDIES '« & & & & & « &« = o s s s s s s 2 s x & &

9.1

9.2

9.3

Environmental and Chemical Effects on the Properties of Vanadium-Base Alloys
(Argonne National Laboratory) s « « o =« a s = = = 2 = = = = = = = = % = = % = s % = = % » =

Exposures of v-1scor-57i, v-207i, and VANSTAR-7 specimens to pressuriaed flowing water
containing 0.03, 0.19, and & wppm dissolved ¢, at 2ggec indicate that v-iscr-sri has the
best corrosion resistance at all three oxygen levels. Scanning Auger microprobe studies of
impurity segregation in irradiated and 34e implanted V-i5¢r-571 indicate no eclear correla-
tion with observed embrittlement.

Environmental Effects on Properties of Structural Alloys in Flowing Pb-17Li
(Argonne National Laboratory) « a o o & = & & 2 = = & = = = 2 = = = = = = = = = = = = % = =

Corrosion data are presented for ferritic HT-9 and Fe-9Cr-IMo steel and austenitic
Type 316 stainless steel in flowing Pb-7751 at 465 and <82°c, The influence of temperature
on the dissolution rate of the alloys is discussed. Tensile properties of HT-9 alloy in a
flowing Pb-17Li environment zre also reported.

Corrosion of Austenitic and Ferritic Steels in Flowing Lithium Environment
(Argonne National Laboratory) s « s = s = s = s = s = s s = = s s = s = s = s = s = s » =

Corrosion data are presented for ferritic and austenitic steels in flowing lithium at
538°C, The lithium-czposed specimens were examined metallographically to evaluate the
microstructural and compositional changes of the alloy surfaces. The influence of tem-
perature on the dissolution behavior of the alloys is discussed.
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10.

9.4

95
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Corrosion of Low Activation Austenitic Steels and Ordered Alloys in thermally Convective
Lithium (Oak Ridge National Laboratory) .« a « o o = = = = = = 2 2 = = = = = = = =2 = = = = &»

Completion of a second loop experiment with Cr-Mn steels in therrmlly convective
lithium confirmed the nature of twe competing reactions during the corresion of these steels
leading to observation of both dissolution and deposition reactions at hot lag surfaces.
Analysis of long range ordered alloys exposed to therrmlly convective lithium revealed that
corrosion-induced porosity was caused both by preferential depletion and redeposition of
dissolved species.

Corrosion of Type 316 Stainless Steel and 12 Cr-1 MMV Steel in Thermally Convective
Pb- 17 at. % Li (Oak Ridge National Laboratory) « « o o o 2 o # » o s s 2 s s = s s » s = =

More exiensive data from additional zzperimenta with type 316 stainless steel and
12 ¢r-1 Mo steel in therrmlly convective Pb-17 at. % zi confirmed the results of earlier
sooer ezposures. The 12 Cr-1 Mokw steel corroded uniformly, whereas the austenitic
stainless steel suffered severe localized penetration and rmterial loss.

Compatibility of Vanadium Alloys in High Temperature Water
(Cak Ridge National Laboratory) =« o « o = & o = = = 2 = = = = = = = = = = = = = = = = % = =

Initial results from siow strain rate testing of V-15 Cr-5 Ti and V-3 Ti-1 57 in 300°¢
water revealed little influence of a high temperature ajuecws environment and hydrogen on
the ductility of these alloys. A thin oxide film on exposed specimens is thought to prevent
hydrogen uptake by these alloys.
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Fusion Program Research Materials Inventory (Oak Ridge National Laboratory) « « « « &« « « &

Irradiation Experiment Status and Schedule (Oak Ridge National Laboratory) « « « o« & o & &
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